The members of the class of lipids called "phosphoinositides" are key signaling components of cell membranes. They regulate a multitude of cellular functions such as flow of membranes along the secretory and endocytic pathways, passage of ions through transmembrane channels, cytoskeleton dynamics, plasticity of cell shape, and cell migration (1) . Dissecting the functions of these lipids has proved to be challenging, in part because of their short half-lives. Here, we describe an optogenetic approach that allows rapid and reversible manipulation of plasma membrane phosphoinositides at subcellular spatial resolution using visible (blue) light.
Cells of higher eukaryotes contain seven different types of phosphoinositides. Each type has a unique subcellular distribution that is maintained by the highly specific subcellular targeting of kinases and phosphatases that modify their cytosolic inositol group (1). Manipulations of genes that encode such enzymes have helped investigators explore the function of these lipids but are limited by their intrinsic longterm nature that allows compensatory changes in lipid levels to occur. Pharmacological inhibitors are available for only a few of these enzymes and potentially can exert off-target effects. Chemical dimerization systems that allow acute manipulation of specific phosphoinositides also have been developed (2, 3). However; these systems, although very powerful, have limitations, such as poor reversibility and lack of spatial control. Detailed investigation of the physiological function of phosphoinositides requires methods to control them with high spatial and temporal resolution.
We explored the possibility of using a light-induced dimerization system, the cryptochrome 2 (CRY2)/CRY2-binding domain (CIBN) system, together with lipid-modifying enzymes, to achieve such control. CRY2 is a plant photoreceptor whose conformational change in response to blue light leads to its interaction with the transcription factor CIBN (4).We first adapted this system for dephosphorylation of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], the predominant phosphoinositide concentrated in the cell plasma membrane. An inositol 5-phosphatase domain fused to CRY2 was expressed in COS-7 cells together with CIBN carrying a lipid-modification motif (known as the "CAAX box") for targeting to the plasma membrane (Fig. P1A) . Blue-light illumination of these cells resulted, within seconds, in the translocation of the phosphatase module to the plasma membrane where it immediately dephosphorylated PI(4,5)P 2 as assessed by a fluorescent PI(4,5)P 2 reporter (Fig. P1B) . Loss of plasma membrane PI(4,5)P 2 was accompanied by marked changes in many cellular processes known to be regulated by this phospholipid, including decreased endocytosis, retraction of the edges of the cells, and closure of a subset of K + channels (KCNQ2/3). These effects were reversible, because interruption of bluelight illumination allowed resynthesis of plasma membrane PI(4,5)P 2 , leading to restored endocytosis, re-expansion of the cell edges, and opening of KCNQ2/3 channels with timing (in minutes) that reflected the dissociation of the CRY2/ CIBN heterodimer in the dark. In addition to being rapid, the system allows a high degree of spatial control. Focal illumination of a cell resulted in the selective recruitment of the lipid phosphatase to regions of the plasma membrane close to the illumination site (Fig. P1C) . This recruitment was associated with a local loss of PI(4,5)P 2 and cell-edge retraction. These local effects were associated with opposite effects at distant sites, with an impact on cell polarization. The local action of the system was demonstrated strikingly by the retraction of a cell process upon selective illumination of its tip.
The CRY2/CIBN system also was used to generate phosphatidylinositol-(3,4,5)-triphosphate [PI(3,4,5)P 3 ] at the plasma membrane in response to blue light by fusing CRY2 to a PI3-kinase binding protein rather than to an inositol phosphatase module. PI(3,4,5)P 3 is a phosphoinositide generated in the plasma membrane in response to growth factor signaling. It controls a variety of cell functions, including the dynamics of the cortical region of the cell, because it helps trigger actin nucleation and thus membrane ruffling (5) . Accordingly, the rapid translocation of PI3-kinase to the plasma membrane, induced by blue-light illumination, was associated with membrane ruffling (Fig. P1D) . With focal blue-light illumination, ruffling was locally restricted with a corresponding loss of membrane dynamics at distant sites, resulting again in polarization.
Collectively, our results demonstrate the power of an optogenetic approach for the manipulation of phosphoinositides. This approach can be modified by targeting different phosphoinositide-metabolizing enzymes, or other lipid-metabolizing enzymes, to membranes of intracellular organelles, thus allowing a detailed dissection of the function of different membrane lipids and of the cellular processes they control. Besides providing insight into fundamental aspects of cell physiology, this methodology will prove to be a useful tool for exploring pathogenetic mechanisms of diseases caused by abnormal metabolism of membrane lipids.
